The ab initio structure solution of sodium parahydroxybenzoate from high-resolution X-ray powder diffraction data is reported. The compound is of interest with respect to understanding the mechanism of Kolbe± Schmitt type reactions. It crystallizes in space group P2 1 , Z = 2, with unit-cell parameters a = 16.0608 (3), b = 5.38291 (9), c = 3.63834 (6) A Ê , = 92.8692 (5) and V = 314.153 A Ê 3 . The compound consists of layers of distorted NaO 6 prisms perpendicular to the a axis and phenol rings perpendicular to these layers pointing up and down. The molecular structure is held together by van der Waals forces between the phenyl groups of different layers and additional hydrogen-bridge bonding between the phenolate oxygen atoms. The sample showed powder peak widths which are not a smooth function of diffraction angle; a recently implemented phenomenological model was able to describe this effect suf®ciently well to obtain excellent Rietveld ®ts to the data. The accuracy of modeling the data makes this one of the rare cases where the position of a hydrogen atom could be unambiguously determined by powder techniques.
Introduction
The carboxylation of sodium phenolate, known as Kolbe±Schmitt synthesis (Kolbe, 1874) , leads to two main reaction products: sodium ortho-hydroxybenzoate, also known as sodium salicylate, and sodium parahydroxybenzoate. The reaction is still one of the most important industrial solid-state reactions, with many applications in the synthesis of pigments, fertilizers and pharmaceuticals, such as aspirin (Behr, 1985; Brockhaus ABC Chemie, 1971) . Although the reaction has been known since the middle of the previous century (Kolbe & Lautermann, 1860) , and despite its importance, its mechanism and the crystal structures of its products are still unknown. Many models for the reaction mechanism have been published (Hales et al., 1954) . The types and the amounts of the reaction products are strongly in¯uenced by the reaction conditions, namely temperature, pressure, time, type of alkaline cation and solvent (e.g. Lindsey & Jeskey, 1957, and references therein) . Under typical reaction conditions (393 K, 5 atm), the carboxylation of dry sodium phenolate leads to an almost quantitative yield of sodium salicylate (Lindsey & Jeskey, 1957) . An increase in the production of sodium para-hydroxybenzoate can be achieved at lower temperatures or by the chelation of sodium phenoxide with polyethers (Sakakibara & Haraguchi, 1980) . We have begun a major investigation to solve the crystal structures of the substances related to Kolbe± Schmitt type reactions in order to gain further insight into their mechanism. The structures of the reactants have recently been solved using single-crystal X-ray diffraction and high-resolution X-ray powder diffraction (Dinnebier et al., 1997) . Here we report the crystal structure of sodium para-hydroxybenzoate from highresolution X-ray powder diffraction data. Since this compound is a possible intermediate or product of the Kolbe±Schmitt synthesis, its structure is of particular interest for future in situ investigations with temperature-and time-resolved powder diffraction.
Since the early work of Hugo Rietveld (Rietveld, 1969) , structure re®nement and also structure determination from powder data have become more and more important (e.g. Harris & Tremayne, 1996; Langford & Loue È r, 1996; Masciocchi & Sironi, 1997; Poojary & Clear®eld, 1997) . One major obstacle in the development of this method was that the re¯ection line shape obtained by X-ray powder diffraction is much more complicated than in the case of neutron diffraction, and it took many years before a generally applicable and physically meaningful description was found. Important contributions have been the parametrization of the Voigt function (Thompson, Cox & Hastings, 1987) and the description of the asymmetry due to axial divergence (Finger et al., 1994) . Nowadays, it is often possible to describe the entire pro®le of a synchrotron powder pattern with only four adjustable parameters. On the other hand, the especially high resolution of synchrotron radiation revealed another problem which hinders a satisfactory description of the peak pro®le of real powders: the fact that for many samples, the diffraction peak width is not a smooth function of diffraction angle. Most of the available Rietveld programs produce unacceptable ®ts when presented with this anisotropic broadening (in the three-dimensional diffraction space); see Le Bail (1992) for a useful review of previous attempts. These treatments offer different numbers of additional adjustable pro®le parameters, but often lack a connection with any plausible microscopic source of anisotropic broadening and frequently do not even obey the conditions imposed by crystallographic symmetry.
The title compound shows severe anisotropic broadening which could not be modeled by any of the hitherto available algorithms. This motivated one of us (Stephens, 1999) to develop an empirical model of anisotropic broadening due to correlated variations in lattice metric parameters, which extends and corrects previous work by Thompson, Reilly & Hastings (1987) and Rodrõ Âguez-Carvajal et al. (1991) . This has been implemented in the program GSAS (Larson & Von Dreele, 1994) used in the present work to re®ne the structure. Popa (1998) has independently published a similar model, but without an explicit experimental realisation. There has been some progress in providing a microscopic interpretation of this model (Ungar & Tichy, 1999) , but so far its main value is in improving the ability of a calculated line shape to match experimental data, thereby increasing the reliability of a Rietveld re®nement. In the present case, this improvement was suf®ciently dramatic that the data could be used to locate the position of the hydrogen atom of the phenol hydroxy group by difference Fourier analysis of powder data. This hydrogen-atom position was then subsequently included in the Rietveld re®nement of the structure.
Experimental

Materials
All manipulations of solvents and substances were carried out in dry argon using standard Schlenk and vacuum techniques. Tetrahydrofuran (thf) was puri®ed and dried according to the standard procedures. 5.7 g of sodium (0.25 mol) was covered with thf and heated until melting under rapid stirring. A solution of 34.5 g of phydroxybenzoic acid (0.25 mol) in 100 ml of thf was added dropwise over 1 h to the stirred ®nely dispersed sodium. After completion of the reaction, half of the solvent was evaporated. A white powder precipitated, which was ®ltered off and dried at 353 K in a Schlenk vessel, from which it was transferred to glass capillaries in a glove box under argon atmosphere.
Powder X-ray diffraction experiments
For the X-ray powder diffraction experiments, the sample was sealed in a glass capillary of 0.7 mm diameter. High-resolution powder diffraction data were collected at the SUNY X3B1 beamline at the National Synchrotron Light Source, Brookhaven National Laboratory. X-rays of wavelength 1.14750 (2) A Ê were selected by a double Si(111) monochromator. Wavelengths and the zero point have been determined from eight well de®ned re¯ections of the NBS1976¯at-plate alumina standard. The diffracted beam was analysed with a Ge(111) crystal and detected with an Na(Tl)I scintillation counter with a pulse-height discriminator in the counting chain. The incoming beam was monitored by an ion chamber for normalization of the decay of the primary beam. In this parallel-beam con®guration, the resolution is determined by the analyser crystal instead of by slits. Data were recorded at room temperature for 4.3 s at each 2 in steps of 0.005 from 3 to 73.195 .
Although scans did not show serious crystallite size effects, the sample was rocked around for 5 during measurement for better particle statistics. Low-angle diffraction peaks showed a strong asymmetry due to axial divergence and had a full width at half-maximum (FWHM) of 0.012 in 2, which is close to the resolution of the spectrometer.
The diffraction pattern could be indexed on the basis of a monoclinic lattice with lattice parameters as given in Table 1 (Visser, 1969) . The possible space groups were P2 1 and P2 1 /m. The number of formula units per unit cell (Z) directly follows from geometrical considerations. A Le Bail ®t (Le Bail et al., 1988) using the program FULLPROF (Rodrõ Âguez-Carvajal, 1990) allowed extraction of 416 integrated intensities up to 72.91 in 2. It should be noted that despite the large number of well resolved peaks, the quality of the Le Bail Table 1 . Lattice parameters and selected details of re®nements of sodium para-hydroxybenzoate R p , R wp , R(F) and R(F 2 ) refer to the Rietveld criteria of ®t for pro®le, weighted pro®le and structure factor, respectively, de®ned by Langford & Loue È r (1996) . ®t was rather bad because of the strong anisotropy of the FWHM. Despite using the uniaxial strain model with the (110) direction as the broadening axis, the weighted pro®le R factor was unsatisfactorily high (23.9%). The obtained integrated intensities were used as input to the direct-methods program SIRPOW92 (Cascarano et al., 1992) . Using P2 1 /m, it was possible to detect the entire molecule without hydrogen atoms. Since the arrangement of the molecules restricted by the mirror plane seemed quite unfavourable, and ®rst attempts to re®ne the structure by Rietveld analysis (Rietveld, 1969) did not converge, the space group was changed to P2 1 . Subsequent re®nements con®rmed P2 1 as the correct space group.
Although the structure seemed to be chemically correct at this stage of the re®nement, the Rietveld plot could not be regarded as`publishable' because of the large deviations between the observed and calculated pro®les, caused by the anisotropy in the FWHM. A plot showing the FWHM of single or only partly overlapping peaks, obtained by single-peak ®tting, versus diffraction angle 2 clearly shows the strong deviations from a smooth function. The FWHM of neighbouring peaks varies by a factor of up to 4 (see Fig. 1 of Stephens, 1999) .
Anisotropic broardening
The following model was used for the distribution of powder diffraction peak widths. Each crystallite is regarded as having its own lattice parameters, with a multi-dimensional distribution throughout the powder sample. The width of each re¯ection can be expressed in terms of moments of this distribution, which leads naturally to parameters that can be varied to achieve optimal ®ts. Interested readers are referred to the paper by Stephens (1999) for further description of the model and the derivation of the line shape used here.
We de®ne d Ã hkl to be the inverse of the d spacing of the (hkl) re¯ection. Then d Ã2 is bilinear in the Miller indices and so can be expanded in terms related to the covariances of the distribution of lattice metrics. This leads to an expression in which the variance of d Ã2 is a sum of 15 different combinations of Miller indices in the fourth order. Imposing the symmetry of the monoclinic lattice [e.g. re¯ections (hkl), (hk Å l), (h Å kl Å ) and (h Å k Å l Å ) are equivalent] reduces the number of independent terms to the following nine:
The anisotropic strain contribution to the angular width in 2 of the re¯ection is given by
Here, we regard the parameters S HKL as free parameters, to be chosen to obtain the best ®t between model and experiment. The anisotropic broadening has both Gaussian and Lorentzian components; we have found it important to include both, in order to obtain an acceptable ®t to the diffraction data. We have therefore introduced another interpolation parameter, , so that the half width at half-maximum of the Lorentzian component is given by X + 2, and the variance of the Gaussian component of the line shape is given by U tan 2 V tan W Pa cos 1 À 2 2 2 1a2 X 4
Rietveld re®nements
The Rietveld re®nements were calculated using the program package GSAS (Larson & Von Dreele, 1994) (Fig. 1) . The peak pro®le function was modeled using a convolution of the pseudo-Voigt function (Thompson, Cox & Hastings, 1987) with the asymmetry function described by Finger et al. (1994) , which accounts for the asymmetry due to axial divergence, leading to a markedly improved ®t and therefore better pro®le R factors. A small shift of diffraction peaks across the spectrum was detected, which we attributed to a drift of the X-ray wavelength, presumably due to heating of the monochromator. This effect could be satisfactorily described by re®ning an additional sin term in addition to the zero point. For the background function, a ®rst estimate was piecemeal interpolated from manually chosen points of the spectrum; in later stages of re®nement, it was supplemented by a four-term cosine series.
To account for the strong anisotropy in the half width of the re¯ections, we used the model by Stephens (1999) described above, which has recently been implemented in GSAS (Von Dreele, 1998) . Re®nement of this model was performed stepwise. Initially only the S 400 , S 040 and S 004 coef®cients were re®ned; initial values were zero and the mixing coef®cient, , was set to 0.75. After convergence, the S 220 , S 202 and S 022 terms were added to the re®nement followed by the terms S 301 , S 103 and S 121 . Finally, the mixing coef®cient, , was allowed to vary with the other terms. This procedure resulted in a smooth minimization; attempts to re®ne all S HKL and simultaneously from the start generally failed to converge cleanly. For the purpose of comparison, two Rietveld plots are given: one shows the result of a re®nement in which the anisotropic peak width model has been used (Fig. 1b) ; the second one (otherwise identical) was prepared without this model (Fig. 1a ). Fig. 1 . Scattered X-ray intensity for sodium para-hydroxybenzoate at T = 295 K as a function of diffraction angle 2. Shown are the observed pattern (diamonds), the best Rietveld ®t pro®le, the difference curve between the observed and the calculated pro®le, and the re¯ection markers (vertical bars). ! = 1.14750 (2) A Ê . The higher angle part starting at 30 in 2 is enlarged by a factor of ®ve. The inset shows the expanded region from 30 to 42 in 2. The Rietveld plot in (a) shows the re®nement without the anisotropic broadening model. The R values are R p = 10.26%, R wp = 17.75%, R(F) = 5.24%, R(F 2 ) = 7.74%. The Rietveld plot in (b) shows the re®nement with the anisotropic broadening model. The R values are R p = 5.24%, R wp = 7.16%, R(F) = 4.48%, R(F 2 ) = 5.98%.
In order to stabilize the re®nement, two rigid bodies, one for the phenyl ring and another one for the carboxyl group, were used. It was not considered necessary in this work to determine the internal details of these molecular moieties because they have well established structures. A comparison of similar para-substituted benzene ring compounds in the literature [viz. phydroxybenzoic acid monohydrate (Colapietro, Domenicano & Marciante, 1979) , p-nitrobenzoic acid (Colapietro & Domenicano, 1977) , p-methoxybenzoic acid (Colapietro & Domenicano, 1978) , p-¯uorobenzoic acid (Colapietro, Domenicano & Ceccarini, 1979) , phydroxybenzoic acid and p-hydroxybenzoic acid± acetone complex (Heath et al., 1992) , and potassium hydrogen di-p-hydroxybenzoate hydrate (Manojlovic, 1968) ] shows that the deviations from planarity as well as the deviations from hexagonal symmetry for both groups are in the range of the standard uncertainties derived from the powder data. The rigid bodies were set up in a such a way that several intrameolecular bond distances remained as re®nable parameters, and only the bond lengths and angles of the C 6 ring were kept ®xed. In addition, the two rigid bodies were constrained in such a way that only the dihedral angle between the phenyl ring and the carboxyl group remained as a free parameter. This important step reduced the number of independent positional parameters from 42 to 13 (three rotational, three translational, six bond lengths, one dihedral angle). After convergence, all intramolecular distances agreed well with those from single-crystal structure determinations of related compounds in the literature (cited above) .
Surprisingly, the computation of the three-dimensional difference electron density clearly revealed a peak with 0.8 e A Ê À3 , exactly at the expected position for the missing hydroxy hydrogen atom (Fig. 2) . This hydrogen atom was added to the list of atoms and its position could be re®ned. The displacement parameter has been assigned an arbitrary value. This is one of the rare cases where the position of a hydrogen atom was found and re®ned from powder data alone (e.g. Smith et al., 1988; Schmidt et al., 1998) , whereas their positions have been inferred in previous experiments (e.g., Lengauer et al., 1995) .
As a ®nal test for the correctness of the molecular geometry, all atomic positions were re®ned independently after excluding the hydrogen atoms from the re®nement. The positions of all non-hydrogen atoms remained close to their original positions but the weighted pro®le R factor increased by several percent, demonstrating the measurable contribution of hydrogen atoms to the powder pattern pro®le, in agreement with previous reports (e.g. Lightfoot et al., 1993) .
The R values are listed in Table 1 . The coordinates (using rigid bodies) are given in Table 2 . Selected intraand intermolecular distances are given in Table 3 . The re®ned pro®le parameters as de®ned in the anisotropic broadening section (x3) are given in Table 4 . A graphical representation of the three-dimenisonal strain distribution using the re®ned S HKL values is given in Fig. 3 .²
Description of the structure
The structure is based on layers of NaO 6 polyhedra perpendicular to the a axis and phenyl rings perpendicular to those layers pointing along the a axis (Fig. 4) . Each sodium atom is coordinated to six oxygen atoms in the form of a distorted trigonal prism, similar to that in Na 2 SO 4 -V (thenardite) (Mehrotra et al., 1978) (Fig. 5) . The NaO 6 prisms are connected quite unfavourably via ² Lists of structure factors and the numerical intensity of each point of the room-temperature pro®le of sodium p-hydroxybenzoate, along with the output tables generated by the Rietveld re®nement program GSAS, have been deposited in the IUCr electronic archives (Reference: HN0100). Services for accessing these data are described at the back of the journal. six out of nine edges with neighbouring prisms, forming an in®nite layer. The bond distances between the sodium and oxygen atoms are 2.33 (1) to 2.64 (1) A Ê , comparable to those of other compounds containing NaO 6 prisms, such as Na 2 SO 4 (2.335±2.535 A Ê ) and Na 2 SeO 4 (2.330± 2.592 A Ê ) (Mehrotra et al., 1978) . The base of the NaO 6 prism de®nes a perfect plane, whereas the`roof atoms' show small deviations in the height relative to the basal plane ( Fig. 5b ). There is no interaction between the sodium atom and the % system of the phenyl ring, in contrast to the structures of sodium phenolate and sodium phenolate diphenol (Kunert et al., 1997; Jo È rchel & Sieler, 1994) . The phenol rings extend perpendicularly from both sides of the layer formed by the NaO 6 prisms in an alternating way (Fig. 4 ). They are rotated in different directions by AE29.1 (3) relative to the ab plane. The carboxyl group is twisted by 17.5 (3) relative to the phenol ring. This dihedral angle is somewhat larger than observed in other substituted benzoic acids (1.8±5.0 ) and one of their salts (9.5 ). This can be explained by steric requirements of the sodium atom, which result in the connection of the NaO 6 prism, and which are probably one of the causes for the severe strain evident in the anisotropic powder diffraction pro®le broadening ( Figs. 1 and 3) .
The molecular structure is held together by van der Waals forces between phenyl groups of different layers and additional hydrogen-bridge bonding between the phenolate oxygen atoms.
All intra-and intermolecular distances agree well with those of the literature (Table 3 ).
Conclusions
The increased use of synchrotron powder data reveals structural defects which often in¯uence the shape of the line pro®le, and for which adequate descriptions must be found. In the present case, the application of an empirical model for the description of anisotropic peak width caused by strain broadening leads to a strong improvement in the description of the line pro®le as used in Le Bail and Rietveld ®ts. The importance of a physically meaningful model lies especially in the correct prediction of the peak width of overlapping re¯ections, allowing for a better peak decomposition in a Le Bail ®t and for a more accurate Rietveld re®nement. Langford & Loue È r (1996) . The values of the displacement parameter are constrained to be equal for the entire rigid body and were set to an arbitrary value for the hydroxy hydrogen atom. The latter allows previously inaccessible structural details to be revealed, as in the present case, the determination of the strain distribution and the unambiguous determination of the position of a hydrogen atom by powder techniques. It should be noted that the use of rigid bodies involving satellite groups is crucial to stabilize the re®nement of¯exible molecular structures from powder data, since meaningless changes of positional parameters will generally be avoided.
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